A compressible three-dimensional implicit Euler solution method for turbomachinery flows has been developed. The goal of the present study is to develop an efficient and reliable method that can be used to replace the semi-empirical, semi-analytical q.uasi-three-dimensional turbomachinery flow prediction method currently being used for multi-stage turbomachinery design at early design stages. Currently, a methodology has been developed based on an inviscid flow model (Euler solver) and tested on single blade rows for validation. The method presented here is derived from the Beam and Warming implicit approximate factorization (AF) finite difference algorithm. To avoid high frequency numerical instabilities associated with the use of central differencing schemes to obtain a spatial second order accuracy, a combined explicit and implicit artificial dissipation model is adopted. This model consists of a second order implicit dissipation and mixed second/fourth order explicit dissipation terms. A Cartesian coordinate H-grid generated by a three-dimensional interactive grid generator developed by Beach is used. Results for SSME High Pressure Fuel Turbine are presented and the comparison with experimental data is discussed. The use of the present implicit Euler method and the three-dimensional turbomachmery interactive grid generator shows that turnaround time could be as short as one day using a workstation. This allows the designers to explore optimal design configurations at minimum cost.
INTRODUCTION
A challenge in turbomachinery design is modeling the complexity of three-dimensional multi-stage flow fields. A number of multistage numerical methods have been developed in the past decade to simulate the complex flow field. [Rai (1987) , Adamczyk (1985) , Ni (1989) , Denton (1992) , Dawes (1992) ] Despite the advancement of using high speed computers to solve the three-dimensional viscous flows for multistage turbomachinery configurations, the process is still too costly considering the computational time and the man-hours involved. This explains why inviscid flow solutions are still used routinely in the turbomachinery industry particularly m the design and development stages. Euler solutions eliminate the inclusion of boundary layer effect and allow more uniform grid than for Navier-Stokes solutions. The former also removes the time consuming calculation procedures for nonlinear dissipatatiye viscous terms. Thus, a saving in overall computational time is expected. An efficient three-dimensional Euler solution can fill the gap between potential flow and viscous solutions. Many researchers (Denton(1974) , Shieh and Delaney(1986) , Ni(1982) , Weber et al. (1989), etc.) have demonstrated that Euler solutions not only provide many times saving M computational cost over that of Navier-Stokes calculations, but can also provide accurate solutions and reliable physical insights of turbomachinery flow fields.
An effort was initiated to develop a numerical Euler solver that can be used for multi-blade-row as well as single-blade-row flow analysis. It is hoped that in the near future this method can be used routinely in the design process to replace the semi-empirical, quasi-three-dimensional turbomachinery flow analysis method currently being used at early design stages. The present stage of this code development is to formulate the theoretical approach for a threedimensional single blade-row calculation and verify the algorithm by comparing the results with available experimental data. The method presented here is derived from the Beam and Warming implicit approximate factorization finite difference scheme (1976) . To avoid high frequency numerical instabilities associated. with the use of central differencing schemes to obtain spatial second order accuracy, a combined explicit and implicit artificial dissipation method similar to that of Pulliam (1986) is adopted. This model consists of a second order implicit dissipation and mixed second/fourth order explicit dissipation terms. The procedure to obtain an implicit solution is more time consuming for each iteration than an explicit solution, but this is offset by being able to use a larger time step (or larger CFL number) because of the less stringent stability criteria. This criteria for time step is particularly advantageous for shock capturing purpose when finer grids are need in the neighborhood of the shock.
Four boundary conditions at the wall (blade surface, hub and tip walls), inlet, exit and periodic boundaries are treated differently. At the wall, an inviscid solid surface nonpenetrating boundary condition is imposed. This is to enforce the contravariant velocities normal to the solid surfaces in the computational domain equal to zero. Physical domain velocities, u, v, and w, are solved from Cramer's rule. The one-dimensional Riemann Invariants (R-and R+) are used for non-reflective inflow and outflow boundary conditions at inlet and exit boundaries. The periodic boundary condition is imposed on the blade-toblade boundaries upstream of the leading edge and downstream of the trailing edge to ensure a realistic converged solution.
A spatially varying time step is used for the calculations. This allows a more uniform Courant number and eliminates the use of the smallest time step based on the finest grid in the whole grid system to improve the convergence rate.
FIG. 2 SCHEMATIC OF BOUNDARY CONDITIONS.
'rhe present numerical calculation is based on a three-dimensional H-grid system. The grid generator, developed by Beach (1989) , uses an interactive grid generation procedure called IGB..The IGB code is run on a Silicon Graphics workstation and allows the user to visualize the correctness of the grids generated on the screen step by step. An elliptic grid smoothing procedure allows the grid lines near the solid surfaces be more orthogonal and have a controlled clustering. Blade-to-blade H-grids were originally generated twodimensionally on selected radii and stacked to be a final three-dimensional grid afterward. This grid generator allows the blunt leadingedge or trailing edge have more orthogonal grid lines and reduce the grid skewness and Jacobian singularities. The grid generator has been used successfully in Adamczyk et. al.'s multistage turbomachinery flow calculations (1990), and has also been used in other Rocketdyne turbomachinery applications. (Tran (1992) ) This paper describes the first part of the multistage Euler code development and shows the solution for three-dimensional single blade row calculation. The contents include the theoretical formulation, numerical algorithm and then followed by test case calculations. The test case employed here is the Space Shuttle Main Engine (SSME) High Pressure Fuel Turbopump (IIPFT) two-stage axial flow turbine. Experimental data for the nozzle were obtained from recent turbine air test in NASA Marshall Research Center. (Hudson et. al. (1991) ) The calculated results and the comparison with the test data are discussed.
FORMULATION
In the present study, a three-dimensional Cartesian coordinate system, Fig. 1 
.1 is the Jacobian of transformation, U, V and W are contravariant velocities for the X, Y and Z transformed coordinate respectively.
The present scheme is similar to that of Beam and Warming's implicit factored scheme [1976] . Each term on the left hand side of eq. (3) is approximated using a Taylor expansion, e.g., the time dependent term is expanded as 
H on the right hand side is the body force term which includes Coriolis force and centrifugal force. (For a nonrotating blade row with rotating speed equals 0, this term vanishes.) p is the density, p is the pressure, u, v, w are relative velocities of a rotating Cartesian coordinate system in the X,Y and Z directions respectively, e is the total energy per unit volume and can be expressed in terms of the pressure and velocities,
With a coordinate transformation from the physical domain (x,y,z,t) to a computational domain = (x,y,z,t) = n(x,y,z,t) = ((x, y, z, t) T = t the transformed equation yields:
where Pu = Pw H= 3 Downloaded From: http://proceedings.asmedigitalcollection.asme.org on 10/11/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use
Step A spatially varying time step is used for steady calculations. The variable time step scheme is similar to that of Pulliam and Steger (1985) , which has been used successfully by Wu (1988) for single airfoil calculations and by Weber et. al. (1989) for turbomachinery applications. The scheme is to vary the time step size by using a simple geometrical Jacobian weighting,
The constant time step At in eq. (21) is chosen to be the minimum of the allowable values along the three directions, e.g.
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The differential flux terms are defined as
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Each differential flux contains a 5x5 matrix. Equation (8) 
where O(A-7-2) denotes that the equation remains to be first order accurate in time. The factored equation (16) can then be solved in three consequtive sweeps:
The size of the system equation for each sweep is smaller than the original unswept eq. (15). During each sweep, a system of block tridiagonal matrix equations is solved. At,: = 1111,4 -cy
The weighting means a more uniform Courant number is used and eliminates the use of the smallest time step based on the finest grid in the whole grid system and may improve the convergence rate.
NUMERICAL DISSIPATION
To avoid high frequency numerical instabilities associated with the using of central differencing schemes to obtain a spatial second order accuracy, a combined explicit and implicit artificial dissipation method is used. In the present work, the artificial dissipation model developed by Pulliam [1986] is adopted. This model consists of a second order implicit dissipation and mixed second/fourth order explicit dissipation terms.
(a) Explicit Dissipation
An explicit dissipation term (-A-7-EEDE) is added to the right hand side of the governing equation (16). In the 7/-and (-directions, a fourth order explicit dissipation is used; whereas, a blend of second and fourth order dissipation is adopted in the e-direction. The dissipation terms must be large enough to ensure a stable converged solution and yet sufficiently small to avoid losses in solution accuracy.
The second order dissipation term added is to have better wiggle-free shock capaturing results. Thus, in the vicinity of shocks where the pressure gradient is large, the dissipation is switched from the fourth order to the second order. The explicit dissipation in the e-direction is defined as follows:
Eijk(4) = max(0, Ic(4) -eiik(2)) The A denotes forward differentiation and V denote § backwArd differentiation. A number of values for k(2) and kk4) were tested. In the present calculation, the optimal values of k(2) = 0.5, k(4) = 0.1 are selected. The value of explicit dissipation coefficient EE is 1. In the and (-directions, only the fourth order dissipation is used. The overall explicit term DE is a simple arithmatic combination of the dissipations in three directions,
(b) Implicit Dissipation
Second order implicit dissipation terms (ArE/D4), (Are' D4), (ArerDic) are added to the diagonal terms on the left hand side to increase the diagonal dominance of the matrix. This will also allow the use of larger time steps.
During the sweep, the dissipation term is expressed as 
Similar implicit dissipation derivatives are used in the q-and (7 directions. The implicit dissipation coefficient er is 1 in the present calculation. implicit mplicit and explicit dissipation terms added to equation (16) where RH .5 = RH'S' + DE
BOUNDARY CONDITION
A two-dimensional schematic view of a turbomachinery blade-to-blade physical domain is shown in Fig. 2 . This domain extends from upstream of the blades to downstream of the blades, and from the suction side to the pressure side. Four types of boundary conditions are implemented: 1. solid wall boundary condition (including blade surfaces, hub wall and tip wall surfaces). 2. upstream (inlet) boundary condition. 3. downstream (exit) boundary condition. 4. periodic boundary condition to ensure a correct blade-to-blade solution. The boundary conditions for the four categories are discussed below separately.
(a) Solid Wall Boundary Condition
For an inviscid calculation, the solid surface nonpenetrating boundary condition is imposed. That is to enforce the contravariant.velocities normal to the solid surface in the computation domain equal to zero. Physical domain velocities u, v,w are solved from the contravariant velocities using Cramer's rule.
(b) Inlet Boundary Condition
The upstream inlet boundary condition implemented here is a nonreflecting boundary condition. The one-dimensional Riemann Invariants is the inlet boundary normal velocity. On the inflow boundary with vn < 0, the values of R-, s(entropy), v, w, are specified as free stream values, and R+ is extrapolated from the interior. On the outflow boundary, v" > 0, the values of R+, s, v, w are extrapolated from the interior and fr is computed from specified free stream. From these five variables, the five flow quantities ( p, pu, pv, pw,e ) at the inflow boundary can be updated. For Supersonic flow, all the flow variables at the inflow boundary are prescribed.
(c) Exit Boundary Condition
The treatment of the downstream exit boundary condition uses a similar approach as for that of the upstream boundary condition. On the inflow boundary with v. < 0, the values of R, s, v, w are specified at the exit, and R+ is extrapolated from interior. On the subsonic outflow boundary, v. > 0, the values of R+, s, v, w are extrapolated from interior, and Ris specified at exit. For supersonic outflow, all the variables are extrapolated from interior. 
(d) Periodic Boundary Condition
The periodic boundary condition is imposed on the blade-to-blade boundary upstream of the leading edge and downstream of the trailing edge to ensure a realistic converged solution. This is achieved by averaging the extrapolated lower boundary (at j=1) and the extrapolated upper boundary (at j=jrnax) values, see Fig. 2 . Using a three-dimensional rectangular Cartesian coordinate system, the treatment of the momentum flux should be taken with care particularly for the v, and to components. That is the flux vector in the y and z directions must be rotated an angle equivalent to a blade pitch for the lower boundary before averaging with the upper boundary. A similar procedure is used for the upper boundary.
TEST CASE CALCULATION AND DISCUSSION
The test case selected is the two-stage axial flow turbine of the Space Shuttle Main Engine (SSME) High Pressure Fuel Turbopump (HPFT), Fig. 3 . The HPFT turbine generates a full power of 73,000 HP driven by a high temperature and high pressure mixture of steam and hydrogen. Cold air test were recently conducted at NASA Marshall Space Flight Center (MSFC) (Hudson, et. al. (1991) ) to map its ., ""......."...'':::: .. performance. The capability of the present methodology for three-dimensional turbomachinery flow is validated by comparing the predicted results with the air test data. The HPFT turbine design has two stages of stator and rotor combination with an inlet strut support upstream of the first nozzle. The geometrical data is shown in Table 1. In the present report, only singleblade-row solutions are shown. The isolated blade row calculations include all the blade rows except the strut. Multi-blade-row numerical modeling and its calculations will be shown in a future paper.
(a) Grid Generation
The grid system is a three dimensional H-type mesh, generated using an interactive grid generation code, IGB, developed by Beach (1989) . The grid is first built by constructing several two dimensional grids interactively on blade-to-blade surfaces. On each surface, an algebraic technique is used to control the orthogonality near the blade surfaces and an elliptic technique in the mid-passage to achieve grid smoothness and clusterness. A final three dimensional grid is then generated by interpolating these surface grids. This grid generation method allows the blunt leading and trailing edges to have more orthogonal grid lines than a sheared H-grid and reduce the The convergence history of the first nozzle is represented as the logrithm of the L2 norm shown in Fig. 5 . The five parameter residue L2 norms decay in a similar fashion. It should be noted that the residues shown here are normalized by each parameter's maximum residues in history. Generally, i0residue can be achieved in less than 100 iterations, 10-2 residue can be achieved in less than 500 iterations, and 10-3 residue can be achieved in less than 1000 iterations. The following figures are demonstrated at the 1000th time step even though a few hundred iterations are sufficient to achieve a good solution with residue smaller than 10-2. The_density, pressure, Mach number contours and velocity vector diagram are shown in Figs. 6(a) to 6(d) respectively. The velocity vector shows the flow is tangent to the blade surface and there is no recirculation observed. Figures 7(a) to 7(c) show the first nozzle pressure distributions at 10%, 50% and 90% span. The comparisons with the air test data are also shown. The agreement is reasonably good despite overpredicted
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loading near the rear part of blade at 10% span. The discrepancy may be attributed to the inboard blade cutback where the actual part may not quite be exactly modelled. The flow angle at the downstream exit plane is shown in Fig. 8 and is compared with a Navier-Stokes calculation from Tran et. al. (1992) . It can be seen that the flow angle at the exit plane agrees well with that predicted by Tran-et. al . (1992) at the tip, but the present method predicted more flow turning at the hub. The larger turning angle is consistent with the larger predicted loading at 10% span shown in Fig. 7(a) . The calculated results for other blade rows are also shown here. Figs. 9(a) to 9(d) are the density, pressure, Mach number contours, and velocity vector diagram respectively for the first rotor at mid span. butions at 10%, 50% and 90% span are shown in Fig.  12 . Again, good agreement are achieved at all these three spanwise stations. The discharge angle for the second nozzle from the hub to tip is shown in Fig. 13 . The two analysis methods again agree better toward the tip. Both methods predicted overturning over the entire blade height.
All the above calculations are done on Advanced Rotating Machinery's APOLLO DN-10000 workstation. The computational time based on the present grid density (89x21x21) on the single blade row flow analysis is about 50 seconds for each iteration. The residue can be reduced by 2 orders of magnitude in about 7 hrs CPU. If this is run on a CRAY, it would be equivalent to, approximately, 20 minutes CPU. With this processing speed, the use of the present three-dimensional analysis tool can be justified in the design stages to optinuze the blade configuration. 
SUMMARY
This paper summarizes the progress of the development of a three-dimensional numerical Euler solution method for turbomachinery flow fields. The method is totally developed in-house and is aimed to replace the semi-analytical, semi-empirical, quasithree-dimensional turbomachinery flow prediction method currently being used for liquid rocket engine turbomachinery blade designs. The present methodology is tested on the SSME High Pressure Fuel Turbopump turbine blades and the solution is compared to the air test data collected at NASA Marshall Space Flight Center.
The present numerical method is based on the Beam and Warming implicit approximation factorization (AF) finite difference scheme. A combined second order implicit dissipation and a mixed second/fourth order explicit dissipation scheme is used to achieve numerical stability. A spatially varying time step is used for a more uniform Courant number to improve the convergence rate.
The three-dimensional turbomachinery grid generation code, IGB, developed by Beach is used with the flow solver in the present study. The code is run on a Silicon Graphics workstation and can_generate grid through efficient interactive process. The code has been proven to be reliable and rapid in the present study.
The calculated density, pressure, Mach number and velocity for the four blade rows at various stations are shown. The pressure distributions along the blade surface at 10%, 50%m and 90% for the first nozzle and the second nozzle compared fairly well with the air test data. The discharge angles at the first and second nozzles compared reasonably well with the analysis of Tran et. al.
The present theoretical foundation and the numerical scheme are considered to be the basis for the next step of multistage code development. As the inviscid method does not take the losses associated with boundary layer viscous effect into account, a viscous effect correction will be implemented in the future before the current quasi-three-dimensional method currently being used can be replaced. The upgrade of the code and its validation will be shown in the future.
